
 

 

 

 

½ŜǊƻπ9Ƴƛǎǎƛƻƴ .ǳǎ LƳǇƭŜƳŜƴǘŀǘƛƻƴ tƭŀƴ 

5ŜŎŜƳōŜǊ нлнл 

tǊŜǇŀǊŜŘ ōȅΥ 

 

 

 

 



Mountain Line Zero-Emission Bus Implementation Plan 

 

 

2 

 

Table of Contents 

Zero-Emission Bus Implementation Plan ................................................................................ 1 

Background ........................................................................................................................... 7 

Route and Bus Modeling ........................................................................................................ 9 

Recommendations for Service Planning ............................................................................... 17 

Rate Modeling and Recommendations................................................................................. 22 

Recommendations for Rate Structure and Utility Partnerships .......................................................... 24 

Bus Procurement Best Practices ........................................................................................... 27 

BEB Contracting ............................................................................................................................... 27 

Contract Structure.............................................................................................................................................. 27 
Agency and OEM Review ................................................................................................................................... 27 

Contract Terms and Conditions ........................................................................................................ 27 

Purchasing with Low or No-Emissions Vehicle Program Grant Program Funds ................................................. 27 
Data Access Rights ............................................................................................................................................. 28 
Payment Terms .................................................................................................................................................. 30 
Delivery Timeline ............................................................................................................................................... 30 

Bus and Charger Modeling ............................................................................................................... 30 
Bus Acceptance ................................................................................................................................ 30 
Typical BEB Procurement Process ..................................................................................................... 32 

Technical Specifications and Fleet Recommendations ........................................................... 35 

Specification Development............................................................................................................... 35 

Design Operating Profile .................................................................................................................................... 35 
Turning Geometry, Approach and Departure Angles ........................................................................................ 36 
Energy Storage System and Controller .............................................................................................................. 36 
Electronic Propulsion System Controls .............................................................................................................. 36 
Regenerative Braking ......................................................................................................................................... 36 
Hill Hold .............................................................................................................................................................. 37 
Charging Receptacles ......................................................................................................................................... 37 
Manuals and Schematics .................................................................................................................................... 37 
Paint ................................................................................................................................................................... 37 
Preconditioning .................................................................................................................................................. 37 
Auxiliary Heater and Control Strategy ............................................................................................................... 38 
Specialized Equipment ....................................................................................................................................... 38 
Fire Protection.................................................................................................................................................... 38 
Operator Displays and Controls ......................................................................................................................... 39 

Battery Warranty and Leases ........................................................................................................... 39 

Battery Warranty ............................................................................................................................................... 39 
Battery Lease ...................................................................................................................................................... 39 

Charging Equipment ......................................................................................................................... 40 

Infrastructure Requirements and Recommendations ............................................................ 41 



Mountain Line Zero-Emission Bus Implementation Plan 

 

 

3 

 

Downtown Connection Center (DCC) ................................................................................................ 41 

Charging Mast .................................................................................................................................................... 43 
Overhead Inverted Pantograph ......................................................................................................................... 45 
DC Charging Cabinet .......................................................................................................................................... 46 
Switchboard (Electrical Distribution Panel) ....................................................................................................... 48 
Utility Supplied Equipment ................................................................................................................................ 49 
Emergency Generator and Transfer Switch ....................................................................................................... 49 

Kaspar Drive Maintenance Facility .................................................................................................... 49 

Switchboard (Electrical Distribution Panel) ....................................................................................................... 52 
Utility Supplied Equipment ................................................................................................................................ 53 

NAU or Other Separate Facility ......................................................................................................... 53 

Switchboard (Electrical Distribution Panel) ....................................................................................................... 53 
Utility Supplied Equipment ................................................................................................................................ 54 

Alternative Equipment Options ........................................................................................................ 54 
Updated Infrastructure Costs ........................................................................................................... 54 

Resiliency Plan..................................................................................................................... 55 

Total Cost of Ownership Assessment .................................................................................... 58 

Costs by Scenario ............................................................................................................................. 58 

Baseline Hybrid Diesel ........................................................................................................................................ 58 
BEB On-Route and Depot Charging .................................................................................................................... 58 

Total Estimated Costs ....................................................................................................................... 59 

Training............................................................................................................................... 60 

Deployment Strategy ........................................................................................................... 62 

Data Collection Plan ............................................................................................................ 64 

Vehicle Data .................................................................................................................................... 64 
Charging Data .................................................................................................................................. 66 
Legacy Fuel Data .............................................................................................................................. 66 

Paratransit Fleet and Support Vehicles ................................................................................ 68 

Existing Vehicle Profiles ................................................................................................................... 68 

Vehicle Types ..................................................................................................................................................... 68 
Vehicle Operational Profiles ............................................................................................................................... 69 

Electric Vehicle Research .................................................................................................................. 73 
Paratransit Fleet Transition Recommendations ................................................................................. 75 
Non-Revenue Support Vehicle Transition Recommendations ............................................................ 76 
Charging Infrastructure Options ....................................................................................................... 76 
Charging Recommendations for Mƻǳƴǘŀƛƴ [ƛƴŜΩǎ tŀǊŀǘǊŀƴǎƛǘ ŀƴŘ {ǳǇǇƻǊǘ ±Ŝhicles ........................... 77 
Emissions ......................................................................................................................................... 77 

Project Schedule .................................................................................................................. 78 
 



Mountain Line Zero-Emission Bus Implementation Plan 

 

 

4 

 

List of Appendices 
 
Appendix A ς Available Battery Configurations 
Appendix B ς General Charging Equipment Specifications 
Appendix C ς APS Supplied Equipment Clearance Requirements 
Appendix D ς Heliox Portable Chargers for Depot Applications 
Appendix E ς DC Automatic Plug-In Charging Details for Heavy Duty Buses 
Appendix F ς Infrastructure ROM Cost Estimates 
Appendix G ς Training Requirements 
Appendix H ς EV Vehicles and Tools 
Appendix I ς Paratransit and Other Service Vehicle Charging Infrastructure 
Appendix J ς Project Schedule  



Mountain Line Zero-Emission Bus Implementation Plan 

 

 

5 

 

List of Figures 
 
Figure 1 ς Battery Service Energy Breakdown for 213 kWh New Flyer Fast Charge Battery ....... 11 
Figure 2 - Battery Service Energy Breakdown for 320 kWh New Flyer Fast Charge Battery ........ 12 
Figure 3 - Charge Sustaining Effect Starting at 70% SoC .............................................................. 13 
Figure 4 - Charge Sustaining Effect Starting at 100% SoC ............................................................ 14 
Figure 5 - Effect of Missing a Single On-Route Charge During Day .............................................. 14 
Figure 6 - Effect of Missing Multiple On-Route Charges During Day ............................................ 15 
Figure 7 - Charging at the Kaspar Drive Maintenance Facility ...................................................... 20 
Figure 8 - Charging at the NAU or Other Separate Facility ........................................................... 20 
Figure 9 - Energy Demand Profile during Peak Service ................................................................ 22 
Figure 10 - Breakout of Electrical Costs Throughout Transition Period ....................................... 24 
Figure 11 - Preliminary DCC Parking Layout ................................................................................. 42 
Figure 12 - Typical On-Route Charging Infrastructure .................................................................. 43 
Figure 13 - Charging Mast and Components ................................................................................ 43 
Figure 14 - Overhead Charging Visual Stop/Position Indicator Examples .................................... 45 
Figure 15 - On-route Overhead Inverted Pantograph .................................................................. 46 
Figure 16 - Typical On-Route Charging System Including DC Charging Cabinet    ........................ 47 
Figure 17 - Mast Support Structure Example ............................................................................... 48 
Figure 18 - Kaspar Drive Conceptual Charging Layout.................................................................. 51 
Figure 19 - Kaspar Drive Building Schematic and Charging Equipment Location ......................... 52 
Figure 20 - Mobile Diesel Generator............................................................................................. 55 
Figure 21 - Paratransit and Non-Revenue Service Fleets by Vehicle Type ................................... 70 
Figure 22 - Paratransit and Non-Revenue Service Vehicles by Age and Vehicle Type ................. 72 
Figure 23 - Average Daily Miles per Vehicle ................................................................................. 72 
Figure 24 - Average Fuel Economy by Vehicle Type ..................................................................... 73 
 

  



Mountain Line Zero-Emission Bus Implementation Plan 

 

 

6 

 

List of Tables 
 
Table 1 ς Modeling Results Summary........................................................................................... 10 
Table 2 - Modeled Battery Configurations ................................................................................... 11 
Table 3 - Layover Charging Time Requirements by Route ............................................................ 17 
Table 4 - Peak Charging Schedule (3PM - 4 PM) ........................................................................... 18 
Table 5 - Layover Charging at the DCC by Non-Interlining Route ................................................. 19 
Table 6 ς Layover Charging at the DCC by Interlining Block ......................................................... 19 
Table 7 - On-Route and Depot Charger Modeling Scenario ......................................................... 22 
Table 8 - APS E-32TOU Demand Charges ...................................................................................... 23 
Table 9 - APS E-32TOU Energy Charges ........................................................................................ 23 
Table 10 - Estimated Monthly Fuel Costs to Operate 100% BEB Mountain Line Service ............ 23 
Table 11 - Estimated Electrical Costs Throughout Transition Period ........................................... 24 
Table 12 - Utility EV Program Examples ........................................................................................ 25 
Table 13 - Utility Infrastructure Electrification Programs ............................................................. 26 
Table 14 - BEB Daily Service Requirements .................................................................................. 35 
Table 15 - DCC Preliminary Charger Deployment Schedule ς Cumulative Chargers .................... 41 
Table 16 - Updated Infrastructure ROM Cost Estimates .............................................................. 54 
Table 17 ς Total Costs, Baseline Hybrid Diesel [millions $] .......................................................... 58 
Table 18 ς Total Costs, BEB On-Route and Depot Scenario [millions $]....................................... 59 
Table 19 ς Total Estimated Transition Costs ................................................................................. 59 
Table 20 - Recommended Training Requirements ....................................................................... 61 
Table 21 - Vehicle Data Elements ................................................................................................. 65 
Table 22 - Charger Data Elements ................................................................................................ 66 
Table 23 ς Legacy Fuel Data Elements .......................................................................................... 67 
Table 24 - Vehicle Information for Paratransit and Non-Revenue Service Fleets ........................ 69 
Table 25 - Battery-Electric Vehicle Availability Summary Table ................................................... 74 
Table 26 - Paratransit Fleet Vehicle Details .................................................................................. 75 
Table 27 ς Estimated Emissions Reductions by Vehicle Type when Fully Transitioned to Electric 
Vehicles ......................................................................................................................................... 77 

  



Mountain Line Zero-Emission Bus Implementation Plan 

 

 

7 

 

Background 

The Northern Arizona intergovernmental Public Transportation Authority (referred to as 
Mountain Line) contracted with the Center for Transportation and the Environment (CTE) to 
develop a Zero-Emission Bus (ZEB) Transition Plan to identify a zero-emission roadmap for full-
scale deployment. The evaluation included analysis of multiple deployment scenarios as 
detailed below:  

¶ Baseline Hybrid Diesel (current technology) 

¶ Battery-Electric Bus (BEB) Depot Only Charging 

¶ BEB On-Route and Depot Charging 

¶ Fuel Cell Electric Bus (FCEB) Only 

¶ Mixed Fleet (BEB and FCEB) 

Results of the analysis were included in the Zero-Emission Bus Fleet Transition Study (August 
2020, revised November 2020). Mountain Line staff reviewed the results and provided 
recommendations for further evaluation of the BEB On-Route and Depot Charging scenario to 
the Mountain Line Board of Directors. The recommendations were adopted by the Mountain 
Line Board of Directors on June 17, 2020.  

This Implementation Plan was developed to provide further evaluation of the BEB On-Route 
and Depot Charging scenario for Mountain Line and to provide recommendations to support 
successful deployment of BEBs in service. The Implementation Plan was developed to support 
Mountain Line in understanding the challenges and managing the constraints associated with 
zero-emission technologies. The Implementation Plan was based on best-practice strategies for 
deploying ZEBs. The deployment will be focused on operating BEBs initially out of the Kaspar 
Drive Maintenance Facility with a total of ten (10) buses eventually moving to operate out of 
the new facility that may be co-located with Northern Arizona University (NAU). The schedule 
for development of the future facility is currently unknown and funding has not yet been 
identified.  

On-route charging is proposed at the Downtown Connection Center (DCC). The DCC is a transit 
hub located in downtown Flagstaff that all Mountain Line routes pass through during the day.  
The DCC is currently undergoing design for redevelopment that is being funded by a Federal 
Transit Administration (FTA) Bus and Bus Facilities Grant. The redevelopment is expected to be 
completed by 2023; however, the DCC will remain operational during redevelopment. Details 
from this Implementation Plan will be critical in developing the full-scale design that is being 
completed by AECOM (under contract with Mountain Line) for the DCC. The Implementation 
Plan provides the following:  a summary of the bus and route modeling that was completed to 
support technology selection; rate evaluation to understand the expected costs to operate the 
BEBs; a bus recommendation and procurement best practices; infrastructure requirements and 
recommendations; an updated total cost of ownership assessment; resiliency plan; deployment 
strategies; training recommendations; data collection plan; and analysis of other fleet vehicles 
including paratransit.  The Implementation Plan is arranged in the following sections: 
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¶ Background 

¶ Bus and Route Modeling  

¶ Recommendations for Service Planning  

¶ Rate Modeling and Utility Partnership Recommendations 

¶ Bus Procurement Best Practices  

¶ Bus Specifications and Fleet Recommendations 

¶ Infrastructure Requirements and Recommendations 

¶ Resiliency Plan 

¶ Total Cost of Ownership Analysis  

¶ Training  

¶ Deployment Strategy 

¶ Data Collection Plan 

¶ Paratransit and Non-Revenue Service Vehicle Plan 

¶ Project Schedule 
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Route and Bus Modeling 

/¢9Ωǎ ½9. aƻŘŜƭƛƴƎ aŜǘƘƻŘƻƭƻƎȅΣ ŀǎ ŘŜǘŀƛƭŜŘ ƛƴ ǘƘŜ Zero-Emission Bus Fleet Transition Study 
(November 2020) was used to assess the feasibility of utilizing 35-Ŧƻƻǘ όΩύ .9.ǎ ŀƴŘ слΩ 
articulated BEBs to operate the Mountain Line service. CTE developed route and bus models to 
run operating simulations for representative Mountain Line routes. CTE used Autonomie, a 
powertrain simulation software program developed by Argonne National Labs for the heavy-
duty trucking and automotive industry. CTE modified software parameters specifically for 
electric buses to assess energy efficiencies, energy consumption, and range projections. 
Mountain Line collected GPS data from nine (9) Mountain Line routes. GPS data included time, 
distance, vehicle speed, vehicle acceleration, GPS coordinates, and roadway grade that are used 
to develop the route model. CTE used component-level specifications and the collected route 
data using a hybrid diesel bus and simulated the operation of an electric bus on each of the 
nine (9) routes. The seasonal Mountain Express route was not operating at the time of data 
collection.  

The route modeling included analysis of several scenariosτvarying passenger load, accessory 
load, and battery degradationτto estimate real-world vehicle performance, fuel efficiency, and 
range. The data from the routes, as well as the specifications for each of the selected bus types, 
was used to simulate operation of each type of bus on each respective route. The models were 
Ǌǳƴ ǿƛǘƘ ǾŀǊȅƛƴƎ ƭƻŀŘǎ ǘƻ ǊŜǇǊŜǎŜƴǘ άƴƻƳƛƴŀƭέ ŀƴŘ άǎǘǊŜƴǳƻǳǎέ ƭƻŀŘƛƴƎ ŎƻƴŘƛǘƛƻƴǎΦ bƻƳƛƴŀƭ 
loading conditions assume average passenger loads and moderate temperature over the course 
of the day, which places marginal demands on the motor and heating, ventilation, and air 
conditioning (HVAC) system. Strenuous loading conditions assume high or maximum passenger 
loading and either very low or very high temperature όōŀǎŜŘ ƻƴ ŀƎŜƴŎȅΩǎ ƭŀǘƛǘǳŘŜύ ǘƘŀǘ ǊŜǉǳƛǊŜ 
near maximum output of the HVAC system. This nominal/strenuous approach offers a range of 
operating efficiencies to use in estimating average annual energy use (nominal) or planning 
minimum service demands (strenuous).  

While GPS data was collected for nine (9) Mountain Line routes, this transition analysis 
evaluated all ten (10) fixed service routes. As stated previously, data was not able to be 
collected for the seasonal Mountain Express route; however, for the purpose of ensuring 
enough ZEB buses are transitioned into the fleet for each scenario, Route 8 operating 
efficiencies were used to estimate the Mountain Express energy use. Route 8 was selected to 
estimate the Mountain Express energy use because it was modeled to have the highest energy 
ǳǎŜ ŀƳƻƴƎ орΩ ōǳǎ ǊƻǳǘŜǎΣ ŀƴŘ ǘƘŜ aƻǳƴǘŀƛƴ 9ȄǇǊŜǎǎ ǊƻǳǘŜ ƛǎ ǇǊŜŘƛŎǘŜŘ ǘƻ ƘŀǾŜ ŀ ǎƛƳƛƭŀǊ ƘƛƎƘ 
energy use due to the high speeds, grade, and elevation characterized by the route. Mountain 
Line will be collecting data from the Mountain Express route and CTE will complete route 
analysis as the route is now operational for the season. Results will be provided in an 
addendum to Mountain Line.  

Route modeling ultimately provides an average energy use per mile (kilowatt-hour/mile 
[kWh/mi]) associated with each route, bus size, and load case as depicted in Table 1. A 
summary of each route simulated including speed, grade, and elevation profiles were included 
as an Appendix in the Zero-Emission Bus Fleet Transition Study (November 2020) for the first 
phase of the ZEB analysis.  
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Table 1 ς Modeling Results Summary 

Bus Length [ft] Route Nominal Efficiency 
[kWh/mi]  

Strenuous Efficiency 
[kWh/mi]  

35 2 2.0 2.7 

3 1.7 2.3 

4 2.0 2.7 

5 2.0 2.7 

7 1.9 2.5 

8 2.4 3.3 

14 2.1 2.8 

66 1.8 2.4 

Mountain Express1 2.4 3.3 

60 5x 2.8 3.9 

10 2.8 3.9 

Using vehicle performance predicted from route modeling, combined with educated 
assumptions for battery electric and fuel cell technology, CTE analyzed the expected 
ǇŜǊŦƻǊƳŀƴŎŜ ŀƴŘ ǊŀƴƎŜ ƴŜŜŘŜŘ ƻƴ ŜǾŜǊȅ ōƭƻŎƪ ƛƴ aƻǳƴǘŀƛƴ [ƛƴŜΩǎ ŦƛȄŜŘ-route network and 
assessed the achievability of each block by BEBs and FCEBs over time, as range improves. 
Details of the block analysis for depot charged BEBs and FCEBs are included in the Zero-
Emission Bus Fleet Transition Study (November 2020).   

In addition to the block analysis for depot-only charged BEBs and for FCEBs, CTE also simulated 
on-route charging of the entire fleet, assuming charging occurs at the depot in the evening and 
on-route throughout the day at the DCC as each block passes through the DCC.    

CTE modeled the New Flyer XCelsior Charge bus with a fast-charge battery to simulate on-route 
charging at the DCC. A specific model bus and charger configuration were selected to model 
because on-route charging performance varies by OEM, as the state of charge (SoC) at the time 
of charging affects the power delivered to the bus. Table 2 provides details regarding the 
battery configurations modeled in the on-route charging analysis.  

 

 

 

 

 

 
1 GPS route data was not collected for the Mountain Express Route. Route 8 operating efficiencies were used to 
estimate the Mountain Express energy use. 
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Table 2 - Modeled Battery Configurations 

As depicted in the previous table, only a portion of the nameplate capacity of the battery is 
useable energy where the bus will perform as designed. This is referred to as the service 
energy.  Unusable regions of the battery are designed to protect battery life and includes 
ǊŀƴƎŜǎ ŀǘ ǘƘŜ ǘƻǇ ŀƴŘ ōƻǘǘƻƳ ƻŦ ǘƘŜ ōŀǘǘŜǊȅΩǎ ŎŀǇŀŎƛǘȅΦ  Lƴ ŀŘŘƛǘƛƻƴΣ ŀƴ ŀŘŘƛǘƛƻƴŀƭ ǇŜǊŎŜƴǘŀƎŜ ŀǘ 
the bottom of the battery capacity is considered the de-rated region, where the bus does not 
have its full range of performance available. CTE recommends including a service reserve to 
allow the bus to return to the depot from the furthest point on the route, estimated at 10 kWh 
for this analysis.  

CƻǊ ǘƘŜ bŜǿ CƭȅŜǊ ōǳǎŜǎΣ ǘƘŜ ǳƴǳǎŀōƭŜ ǊŜƎƛƻƴ ŀǘ ǘƘŜ ǘƻǇ ƻŦ ǘƘŜ ōŀǘǘŜǊȅΩǎ ǊŀƴƎŜ ǳǎŜŘ ŦƻǊ ǘƘƛǎ 
analysis is 10%, and at the bottom is 10%, for a total of 20% unusable. In addition, the de-rated  
region of the batteries used for this analysis is 3҈ ƻŦ ǘƘŜ ōŀǘǘŜǊȅΩǎ ǘƻǘŀƭ ŎŀǇŀŎƛǘȅ. The useable 
and unusable portions of the batteries are depicted in Figure 1 and  
 
Figure 2. These unusable regions vary by OEM and may change in future battery configurations. 
Alternate battery capacity/configurations are available from different OEMs and are provided in 
Appendix A.  

Figure 1 ς Battery Service Energy Breakdown for 213 kWh New Flyer Fast Charge Battery 

 

Description Nameplate Capacity (kilowatt-
hour [kWh]) 

Service Energy (kilowatt-
hour [kWh]) 

Fast-Charge New Flyer Battery ς орΩ 213 154 

Fast-Charge New Flyer Battery ς слΩ 320 236 
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Figure 2 - Battery Service Energy Breakdown for 320 kWh New Flyer Fast Charge Battery 

 

!ǎ ŀ ōŀǘǘŜǊȅ ŀƎŜǎΣ ƭŜǎǎ ŜƴŜǊƎȅ ǿƛƭƭ ōŜ ŀǾŀƛƭŀōƭŜ ŦƻǊ ǳǎŜΦ Lƴ /¢9Ωǎ ŀƴŀƭȅǎƛǎΣ ŀƴ ΨƻƭŘΩ ōŀǘǘŜǊȅ ƛǎ 
estimated to have 80% of ǘƘŜ ŎŀǇŀŎƛǘȅ ƻŦ ŀ ΨƴŜǿΩ ōŀǘǘŜǊȅ, because this is the standard levels to 
which OEMs will generally warranty the batteries. Currently, limited data is available regarding 
the rate at which battery degradation occurs.   

In addition to understanding the on-route efficiencies of the buses, understanding the charging 
profile for the battery configurations selected was critical for developing the charging strategy. 
CTE worked with New Flyer and ABB, the manufacturer of a 450-kilowatt (kW) direct current 
(DC) on-route charger, to understand the charge profile, or the power provided to the battery 
at each SoC.  The modeled New Flyer battery can accept up to 300 kW while the battery is at or 
below 74% actual SoC, 180 kW while the battery is between 75% and 87% actual SoC, and 60 
kW between 88% and 100% SoC. The charge profile was used to develop a simulation for a bus 
for each route, including the longest block (by mileage) for each route throughout the day. The 
ABB 450-kW on-route charger was selected for the charging station modeling because the unit 
is currently commercially available and has been successfully demonstrated with multiple 
h9aΩǎ ōǳǎŜǎ. CTE evaluated the current block schedule to determine if there was sufficient 
time to charge the battery during each layover at the DCC to allow a bus to finish each block 
under both nominal and strenuous load conditions, and with a new or degraded battery. 
Understanding the range under the most adverse conditions (strenuous with a degraded 
battery) is critical to successful planning and deployment on-route.  

The on-route charging analysis was completed to determine the required charge time during 
layovers to sustain the level of charge throughout the day, referred to as charge sustaining 
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mode. By sustaining the charge throughout the day, the bus operates in the SoC range where 
the most energy can be delivered to the bus per minute of charging and reduces or eliminates 
the need for top off charging at the depot in the evening.  

Figure 3 illustrates the charge sustaining effect, utilizing Block 2013 under strenuous operating 
conditions and a 7 minute charge per pass through the DCC. The figure indicates that the SoC of 
the vehicle remains constant between approximately 60% and 80% throughout the day, 
essentially allowing the bus to operate for perpetuity without running out of energy. The 
analysis assumes that the bus leaves the depot at approximately 70% SoC and is able to 
maintain that SoC throughout the day. Block 2013 was selected for this demonstration because 
it is the longest duration and most energy intensive block based on the modeling completed. A 
similar analysis was completed for the most challenging block for each route in Mountain Line 
service.    

Figure 3 - Charge Sustaining Effect Starting at 70% SoC 

 

Error! Not a valid bookmark self-reference. depicts the same charge sustaining effect utilizing 
Block 2013, under strenuous conditions and a 7 minute charge, assuming a 100% SoC when 
leaving the depot. As can be seen from the figures, starting at a 100% SoC at the depot at the 
beginning of the day is not required to finish the block when operating in a charge sustaining 
mode, assuming there is sufficient time on route to replace the energy needed to finish each 
block 
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Figure 4 - Charge Sustaining Effect Starting at 100% SoC 

 

Figure 5 and  
Figure 6 depict the effect of missing a single charge and of missing every fourth charge through 
the DCC throughout the day, utilizing Block 2013, under strenuous conditions and a 7 minute 
charge, assuming a 70% SoC when leaving the depot. As can be seen from the Figure 5, missing 
a single charge during the day does not impact the ability of the bus to finish the block but 
requires additional charging at the depot at the end of the day.  

Figure 6 indicates that the bus can also finish the block, under strenuous conditions, by missing 
every fourth block throughout the day but would require significantly more charging to 
replenish the lost energy at the end of the day.  

Figure 5 - Effect of Missing a Single On-Route Charge During Day 
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Figure 6 - Effect of Missing Multiple On-Route Charges During Day 

 

 

Please note that the impact of missing charges throughout the day is specific to each block as 
well as the operating conditions (ambient temperature, loading, traffic). As discussed 
previously, Block 2013 was utilized for this analysis because it presents the most difficult 
conditions based on the route modeling completed.  
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Recommendations for Service Planning 

Results from the charging analysis indicate that a typical charge time between 3 and 8 minutes 
is required during each layover at the DCC, depending on the route and block as well as service 
conditions, to achieve charge sustaining mode throughout the day as described in the previous 
section. Minimum required layover time by route, based on the nominal and strenuous 
condition analysis, are included in Table 3. 

  Table 3 - Layover Charging Time Requirements by Route 

Route Maximum Charging 
Time (Strenuous) 

Maximum Charging 
Time (Nominal) 

2 7 5 

3 8 6 

4 5 4 

5 8 5 

7 5 4 

8 4 3 

10 6 4 

14 5 4 

66 7 5 

 
An example weekday peak service charging schedule is provided in  
Table 4. The schedule represents the time (3 PM ς 4 PM) when the most vehicles would be 
charging at the DCC. This charging schedule is representative any hour during peak service from 
6 AM to 6 PM daily.  Based on the charging analysis completed, between five (5) and seven (7) 
chargers could be operated simultaneously at the DCC to meet service requirements.  
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Table 4 - Peak Charging Schedule (3PM - 4 PM) 

 

Mountain Line will need to account for impacts to scheduling and service delivery for on-route 
charging in current routes and future planning efforts as it modifies routes and blocks. Based on 
the charging analysis completed, Mountain Line may need to adjust the layover times to 
reliably account  for charging at the DCC; however, CTE suggests working with the selected bus 
OEM prior to making adjustments to route/block structure to ensure that the buses can reliably 
complete the daily service requirements. 

It is assumed that each bus will charge during each pass through the DCC, although as discussed 
in the previous section, buses may be able to periodically skip a charge or multiple charges 
throughout the day and complete the required block. The current layover time available at the 
DCC for each block is sufficient to maintain the battery charge throughout the day and 
complete the required service based on the analysis completed. The only exception observed 
was the 1001 block (Route 10 with слΩ articulated bus) where there was insufficient time for 
the charge profile to remain in charge sustaining mode throughout the day; however, with six 
(6) minutes of charging during each pass through the DCC the bus was still able to complete the 
block. As the first articulated bus is not expected to be replaced until 2029 at the earliest, it is 
possible that the buses will be more efficient, have more available on-board battery storage, 
and require less charge time.  
 
Table 5 provides a comparison of the current layovers at the DCC for each non-interlining route 
compared to the required nominal and strenuous charging times based on the modeling 
completed. The required charge times for each route hold true for all blocks servicing each 
route. Alternatively, interlining routes vary in terms of required nominal and strenuous charging 
times. Therefore, each interlined block and required charging times are provided in Table 6. 
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Table 5 - Layover Charging at the DCC by Non-Interlining Route 

 
 

Table 6 ς Layover Charging at the DCC by Interlining Block 

 

Figure 7 and Figure 8 depict the charging needs at the Kaspar Drive Maintenance Facility and 
the NAU or other separate facility, respectively, at the end of each service day. The analysis 
assumes a 20 minute top off charge with two vehicles charging simultaneously at each facility.  
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Figure 7 - Charging at the Kaspar Drive Maintenance Facility 

 
 

Figure 8 - Charging at the NAU or Other Separate Facility 

 

CTE recommends utilization of a sophisticated charge management system that will take into 
account the buses current SoC and block requirements and determine where charges may be 
skipped throughout the day. Charge management will also optimize the charging necessary and 
determine when it can be completed at the lowest utility rates, though because on-route 
charging is proposed much of the charging will still occur during peak charging rates. CTE is not 
aware of any current commercially available products for optimization of on-route charging; 
however, multiple charge management vendors have indicated that they are currently 
developing products to address this void. The need for charge management is limited during 
the initial deployment with only a single charger operating at the DCC, but will become more 
important during future charger deployments as charging capacity is added to the DCC after 



Mountain Line Zero-Emission Bus Implementation Plan 

 

 

21 

 

2026. Charge management solutions should be included as part of the procurement solicitation 
for charging equipment. 
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Rate Modeling and Recommendations 

CTE utilized results from the route modeling to develop a charging strategy to meet the energy 
requirements necessary to operate the BEBs in the Mountain Line service. The charging 
scenario was modeled as detailed in Table 7:  

Table 7 - On-Route and Depot Charger Modeling Scenario 

Facility Chargers in 
Operation 

Charging Period 

Kaspar Drive 
Maintenance Facility 

2 x 450 kW 
overhead 
chargers 

Up to two (2) chargers operating simultaneously when buses return 
to the depot after peak service  

NAU or Other 
Separate Facility  

2 x 450 kW 
overhead 
chargers 

Up to two (2) chargers operating simultaneously when buses return 
to the depot after peak service  

DCC 7 x 450 kW 
overhead 
chargers 

Up to seven (7) chargers operating simultaneously at full-build out 
during peak operations between 6:00 AM and 6:00 PM; one (1) 
additional charger included for redundancy.  

The following assumptions were used in development of the charging strategy and associated 
rate modeling: 

¶ Charging is assumed to be 90% efficient; for example, a total of approximately 333 kW 
of energy is required from the grid to supply 300 kW to the BEB.   

¶ Each bus is assumed to leave the depot each day at full charge; energy will be replaced 
each night at the depot through the use of the high-power overhead charger (450 kW) 
prior to servicing each evening. 

Figure 9 provides the energy demand profile during peak service hours at full build out. Review 
of the figure indicates that up to approximately 2.6 MW of demand are estimated if all seven 
(7) chargers are operating at the same time at maximum power.  
 
 

Figure 9 - Energy Demand Profile during Peak Service 
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CTE utilized the Arizona Public Service (APS) Large General Services E-32TOU rate structure to 
ŘŜǘŜǊƳƛƴŜ ǘƘŜ ŜȄǇŜŎǘŜŘ ŜƴŜǊƎȅ Ŏƻǎǘǎ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ƻǇŜǊŀǘƛƴƎ aƻǳƴǘŀƛƴ [ƛƴŜΩǎ .9. CƭŜŜǘΦ ! 
summary of E-32TOU fees, including demand charges and energy charges, is included in Table 8 
and Table 9, respectively.  

Table 8 - APS E-32TOU Demand Charges 

On-Peak Off-Peak 

First 100 kW Any Additional kW First 100 kW Any Additional kW 

$17.508/kW $11.795/kW $6.396/kW $3.370/kW 

Table 9 - APS E-32TOU Energy Charges 

On-Peak Off-Peak 

Summer Winter Summer Winter 

$0.07018/kWh $0.05552/kWh $0.05730/kWh $0.04264/kWh 

Details regarding the rates structure include:  

¶ APS E-32TOU Large General Service rate structure applicable to monthly loads greater 
than 401kW 

¶ Summer season includes May through October 

¶ Winter season includes November through April 

¶ On-Peak hours are from 3:00 PM to 8:00 PM Monday through Friday 

¶ Demand charges are applicable for the highest demand (kW) averaged in a 15 minute 
period for the month and are applicable to both the peak and off-peak periods 

Monthly fuel costs (electricity) for operating the full Mountain Line service utilizing on-route 
and depot charging, including a comparison to diesel fuel costs, are provided in Table 10. 

Table 10 - Estimated Monthly Fuel Costs to Operate 100% BEB Mountain Line Service  

Scenario Demand Energy Service Fee Total 

On-Route and 
Depot 
Charging 

2 x 450 kW @ 
Kaspar Drive 

$2,811 

$10,393 $358 $56,766 
2 x 450 kW @ NAU 
or Other Facility 

$2,811 

7 x 450 kW On-
Route @ DCC 

$40,387 

Baseline Hybrid Diesel  $47,009 
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A review of the results indicates that the fuel costs to operate BEBs utilizing on-route and depot 
charging are considerably higher than the estimated costs to continue to operate hybrid diesel 
vehicles. Approximately 81% of the estimated cost of fueling BEBs is from demand charges to 
supply the energy and only 18% of the cost is associated with actual cost of the energy. In 
addition, a significant portion of the demand charges are driven by on-peak demand, as 
Mountain Line is charging during APS on-peak hours approximately 20% of the time as the on-
route charging strategy requires charging at the DCC during each layover, including during on-
peak hours from 3:00 PM to 8:00 PM, in order to meet daily service requirements. Table 11 and 
Figure 8 provide the estimated electrical costs over the transition period as BEBs are added to 
the fleet.   

Table 11 - Estimated Electrical Costs Throughout Transition Period 

 

Figure 10 - Breakout of Electrical Costs Throughout Transition Period 

 

Recommendations for Rate Structure and Utility Partnerships  

Utilities across the country are developing strategies and specific rate schedules to address the 
electrification of the transportation sector. For example, Avista Corporation in Washington and 
Idaho, has proposed a rate schedule that would be effective until 2030 that requires a 
surcharge for on-peak energy use (varies by time of year) of $0.0575/kWh over the current 
Large General Service rate structure. In addition, the proposed Avista rate completely 
eliminates the current demand charge of $550 for the first 50 kW of demand and $7 per kW 
over 50 kW of demand. These rates are applicable up to 1 MW of demand. The proposed Avista 
rate schedule has not been approved by the Public Utilities Commission; however, it is 
expected to be approved and implemented in March 2021.  

Similar to Avista, San Diego Gas & Electric (SDG&E) has developed an Electric Vehicle (EV) rate 
schedule that introduces a subscription fee, increases energy costs (per kWh), and eliminates 
demand charges to encourage acceptance of electrification of the transportation sector, 
















































































































